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ABSTRACT

The analysis of a variety of geologic anc jeophysical
data indicates that significant lateral vaziations in
crustal structure exist across LASA. This structural com-
plexity is inferrcd from observation of Rayleigh wave dis-
persion, body-wave spectral ratios, P-wave amplitude and
travel-time anomalies, seismic refraction profiles and
gravity and magnetic anomalies. To expla.n these results,
LASA is divided into an eastern and a westcrn sector. An
attempt is made to explain the observations in each sector
in terms of crustal models consisting of 3 to 5 distinct
layers. The observations show that the maximum lateral
change in structure across LASA takes place in a NE-SW
direction.
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INTRODUCTION

This report summarizes the results of a study to determine
the structure of the earth's crust beneath the Large Aperture
Seismic Array (LASA) in Montana, from available geological and
geophysical data. The array is composed of 525 short-period
vertical-component seismometers grouped into 21 subarrays each
with 25 sensors. 1In addition, thre . -component long-period
seismometers are located at the center of each subarray
(Figure 1).

In order first to establish the geologic setting of the
array we review briefly all data available at this time and
introduce some new evidence. Both surface measurements and
well-log data provide stratigraphic evidence for lateral
variation in crustal structure under the array; however these
data pertain only to the uppermost three kilometers.

Several seismic refraction studies relevant to the deeper
structure have been conducted in Montana over the past decade.
The results obtained prior to 1964 have been summarized by
McCamay and Meyer (1964) and James and Steinhart (1966). A
more recent study (1966) has been conducted by the U.S. Geo-
logical Survey (Borcherdt and Roller, 1967). Crustal models
based on those refraction profiles which pass through the
array provide starting points for the pPresent interpretation
of LASA structure.

Fundamental mode Rayleigh wave phase and group velocity
dispersion curves, computed for the array as a whole and for
a number of individual sectors using two teleseismic events
known to have high signal-to-noise ratios, yield additional
evidence on LASA structure. A comparison of these data with
theoretical dispersion curves for three proposed crustal
models based on the seismic refraction studies, calculated
using a computer program developed by Harkrider and Anderson
(1962) , provides -a quantitative measure of the lateral varia-
tion in structure across the array. In addition curves showing
phase propagation direction for both events as a functicn of
period, for the whole array and for individual sectors, allow
us to infer the orientation of major structural trends.
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Long-period body-wave spectral ratios calculated at each
of the subarrays for two events well recorded at LASA further
indicate variations in the crustal transfer function across
the array. Phinney (1964) has demonstrated that these ratios
are diagnostic of the crustal structure beneath the receiving
station and that in certain cases such data may be inverted
to deduce an approximate structure. 1In the present study the
observed spectral ratios are compared with theoretical ratios
calculated for the refraction models, and we attempt to use
the observed spectral ratios to define systematic variations
in structure across the array.

Sheppard (1967) studied travel-time anomalies at LASA for
short-period P~waves and found that these defined a region of
low velocity in the form of a NE plunging syncline with its
axis somewhat to the north of the center of the array. We
compare the travel-time anomalies at LASA given by Chiburis
(1966) for several seismic source regions with those obtained
by Sheppard. 1In addition, we attempt to correlate short-period
P-wave amplitude anomalies at LASA with the travel-time anoma-
lies and to determine the dependence of these amplitude anoma-
lies on azimu+h of approach.

An unpublished aeromagnetic map of the earth's field in
the vicinity of LASA (Zeitz, personal communication, 1967)
together with an unpublished Bouguer anomaly map (Pakiser,
personal communication, 1967) furnish additional evidence for
lateral variation in structure under the array.

Collectively the data support the premise that any im-
portant lateral variation of the crust beneath the array is
within the basement, for although there is evidence for minor
changes of sediment thickness across the array, this alone
is insufficient to account for the geophysical observations.
It appears that the major tectonic trend in the crust is Nw-
SE, possibly with a subordinate trend NE-SW.

In the following sections we shall demonstrate that the
structure of the earth's crust beneath LASA is considerably
more complex than has been previously indicated. Additional
detailed work will be needed, however, to account for this
complexity in terms of accurate station corrections.

=3k



OBSERVATIONAL EVIDENCE CONCERNING LASA STRUCTURE

Geologic Evidence

Geologic cross sections through the array (Brown and
Poort, 1965; Anon, 1965) show that the sedimentary sequence
under LASA consists of nearly horizontal layers. Table 1
gives a summary of their lithology, thickness, trend of
known tectonic features and the corresponding P-wave veloci-
ties given by Brown and Poort. The maximum thickness of
sediments reported is 11,414 feet from Stanolind bore-hole
NPRR #1-E which 1s located some 10 km to the NE of subarray
Fl. This hole bottoms out in Ordovician rocks; hence it is
unlikely that the total sedimentary sequence greatly exceeds
the 3.2 km given by Brown and Poort. There is no evidence
of a major lateral discontinuity or abrupt change in lithol-
ogy to these depths with the exception of the uppermost 500
feet where rapid facies changes are common (Anon, 1965).

The structural contour map (Figure 2), based on surface
measurements with good control from existing well data, shows
the depth to the base of the Colorado Shale. This map indi-
cates that the post-Lower Cretaceous sediments thicken east-
ward by approximately 2500 feet across the array from the
Procupine Dome in the west toward the western margin of the
Williston Basin to the east of the array. This thick ning
does not, however, define a clearly synclinal structure, but
rather it is a downwarping with a NW-SE strike truncated at
the eastern margin of the array by the Cedar Creek Anticline.
The pre-Cretaceous rocks thin over the Miles City Arch which
lies to the south of subarray AO0O. They tend to thicken
towards the NE from the Porcupine Dome, a feature which pro-
trudes prominently into the sedimentary section. 1In addition
to the NW-SE structural trend, these rocks bear evidence of
an earlier episode of folding with a NE-SW trend.

These geologic data, then, indicate that should any
radical lateral change take place it must do so within the
basement (i.e., at a depth greater than 3 km). Furthermore,
the tectonic setting of LASA indicates that such a discon-
tinuity would likely have a NW-SE trend. The possibility of
transcurrent faulting in an E-W direction to the west of LASA

=Ba



Table 1. Description of Stratigraphic Sequency Beneath the
Montana LASA.

AVERAGE P-WAVE

AGE DESCRIPTION THICKNESS VELOCITY
(km) (km/sec)
TERTIARY- Sandstones and shales. 1.2 3.0
CRETACEOUS conformably on Lower Cre-

taceous rocks; dips less than
1/2°, increasing slightly over
Porcupine Dome.

L. CRETACEOQUS- Essentially sandstones and 0.5 3.8
JURASSIC shales. Dips less than 2°,

towards the N.E. Structural

features trend NW-SE.

PALXOZOIC Fredominately limestone and 1.3 5.8
dolomite. Thickness variable;
thinnest over Porcupine Dome
and Miles City Arch. Beds
essentially horizontal. Struc-
tures, where present, trend
NW-SE, with evidence of a pre-
Cretaceous NE-SW structural
trend. Off-lap of some horizons
over the arch.

PRE-CAMBRIAN Metamorphic rocks. Granites >6.5 ?
and gneisses. Steeply inclined
with NW-SE structural trend,
and remnant Paleozoic NE-SW
structre.
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has been suggested (Smith, 1965);: however, there is no conclu-
sive evidence to support the extension of these postulated
faults into the area covered by LASA.

Thus the available geological data for LASA pertain
directly to only the uppermost 3 km of the earth's crust.
For the deeper structure we must rely solely on geophysical
data.

Seismic Evidence

Seismic Refraction Data

Seismic refrac:ion studies in Montana have been conducted
by the University of Wisconsin (Meyer, et al, 1961), the
Carnegie Institution of Weshington (Aldrich and Tuve, 1960;
summarized in McCamay and Meyer, 1964, and James and Steinhart,
1966; Asadas and Aldrich, 1966) and more recently by the U.S.
Geological Survey (Borcherdt and Roller, 1967). Figure 3
shows the location of all these available profiles within the
LASA area.

The model given by Meyer, et al. (1961) for a N-S profile
passing through the array is shown in Figure 4, along with a
model for a N-S profile within the Rocky Mountains to the west
of LASA., Comparison of the two models shows that the crustal
structure in Montana is complex and suggests that the base of
the crust not only decreases in depth westward between the
two profiles, but also changes its direction of dip from northerly
in the east to southerly in the west. However, the Carnegie re-
sults, for unreversed profiles (Asada and Aldrich, 1966), and
the University of Wisconsin results from profiles perpendicular
to those shown in Figure 4 show little overall agreement. A
horizontal-layer approximation to the model for the reversed
N-s profile across LASA given by Meyer, et al. (1961) forms
the basis for model U.W.3 in Table 2.

According to James and Steinhart (1966) the most signifi-
cant conclusion to be drawn from refraction work in this region
is that the crust under the Northern Rocky Mountains is thinner
than that beneath the Great Plains to the east; typical crustal
thicknesses for the Northern Rocky Mountains are 35-45 km, and
those for the Great Plains are around 45-55 km.

-4-
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Table 2. Parameters of the LASA Crustal Models based on Seismic
Refraction Studies.

LAYER PARAMETERS
MODEL
P-wave S-wave Density Thickness
velocity velocity gm/cc km
km/sec km/sec

U.W.3 2.60 1.48 2.31 0.3
3.70 2.16 2.54 2.5
6.08 3.61 2.85 17.5

6.97 4.06 3.10 17.0
7.58 4.36 3.22 16.5

8.07 4.65 3,55 +*
USGS3 3.00 1.77 2.40 2.5
6.15 3.61 2.90 19.5

6.70 3.96 3.02 27.0

8.30 4.60 3.65 +%

T.-1.1 2.60 i.50 2.31 0.3
3.70 1.85 2.54 2.0
5.08 3.5L 2.85 15.0
6.97 4.11 3.10 17.0
7.58 4.47 3.22 23.0

8.07 4.67 3.55 +*

*+ denotes half-space



The model obtained by the USGS (Borcherdt and Roller,
1967) is shown in Figure 5 and the horizontal-layer approxi-
mation, which forms the basis for the mcdel USGS3, is given
in Table 2. This model agrees with the conclusions of James
and Steinhart (1966) in that it shows a gradual thinning of
the crust westwards. Three important differences in this
model compared to the model U.W.3 are:

1. the number of layers within the basement (two vs.
three for U.W.3)

2. The lower average P-wave velocity for the crust
(6.1 km/sec vs. 6.5 km/sec)

3. the higher mantle velocity (8.3 km/sec vs. 8.07
km/sec)

In both models the shear-wave velocity was calculated
using values of Poisson's ratioc appropriate to the model CANSD
given by Brune and Dorman (1963) for the Canadian Shi¢id. The
third model, T.I.1l, is a model given by Miller, et al.. (1967)
also based on the University of Wisconsin work. It differs
from the U.W.3 model in its shear-wave velocities, as can be
seen from Table 2. Densities for all models were found using
empirical data quoted by Steinhart and Woollard (1961) which
gives density as a function o) compressional-wave velocity.

These refraction data suggest that the crust is somewhat
thinner under the western sector of LASA. However, the layers
within the crust are not unifcrmly dipping, so that there re-
sults a net reduction in average crustal velocities toward the
SW across the array. This can be seen by comparing Figures 4
and 5 and noting the corresponding locations in Figure 3.

This SW decrease in average crustal velocity is supported by
the surface-wave dispersion observations to be discussed
below.

Rayleigh Wave Dispersion Data
The two events used in this study for dispersion measure-
me;ii's occurred on November 18, 1966, one in the Greenland Sea

and ‘he other on the North Atlantic Ridge. Table 3 gives the

-5-
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epicenter data for these events. LASA long-period vertical
component seismograms for both events (see Figure 6) show a
well-dispersed fundamental mode Rayleigh wavetrain with a
mean signal-to-noise ratio of 47 for the Greenland Sea event
and 42 for the North Atlantic Ridge event; signal-to-noise
ratio here is defined as the maximum (zero-to-peak) ampli-
tude of the signal divided by the rms amplitude of the noise
proceeding the signal. No beats were observed at any of the
twenty one subarrays, indicating that there were no prominent
multiple path arrivals. Examination of the signal spectra
for each station revealed no pronounced minima within the
period range considered. (For typical examples, see Figure 7).
From the digital records, a time interval corresponding to a
group velocity window from 4.0 to 2.8 km/sec was selected.

All calculations of dispersion and direction of propaga-
tion were made in the frequency domain using the numerical
Fourier transforms of the long-period vertical-component seis-
mograms. The details of these computational procedures are
given in Appendix I.

Figure 8 presents the observed phase and group velocity
dispersion data for the Greenland Sea event. Curves are
shown for the whole array and the eastern and western sectors
divided by a line (A-A' in Figure 1) trending N20°w through
Miles City. The eastern sector consists of the subarrays
Fl, El, E2, D1, Cl, Cc2, and Bl; the western sector, F2, F3,
F4, E3, E4, D2, D3, D4, C3, C4, B2, B3, B4, and AO. This
division separates the array into two regions which, from
aeromagnetic data (discussed below), appear to have contrast-
ing magnetic properties (Zeitz, personal communication, 1967).
Figure 9 presents similar data for the North Atlantic Ridge
event. Corresponding phase propagation directions as a
function of period for these events and sectors are shown in
Figures 10 and 1l1. For both events, the phase velocities in
the eastern sector are somewhat higher than those for the
array as a whole, with the exception of those corresponding
to period of 15-23 seconds from the North Atlantic Ridge
event, which are slightly lower. Observed phase velocities
in the western sector are lower than those for the whole
array at all periods in the range 15 to 60 seconds. This
implies either that the deeper layers of the crust to the
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west are thicker, or that the velocities decrease to the west,
or both. The shallower part of the structure apparently does
not change as mar' =dly laterally, since the phase velocity
variations are sm 1l for the two events and both sectors at
the shorter periods. This result is consistent with the
geological evidence for the uppermost three km discussed
earlier,

For a given period. the direction of propagation system-
atically increases in azimuth from east to west across the
array for the Greenland Sea event, whereas for the North
Atlantic Ridge event which has a more southerly back-azimuth
to the source, the propagation directions systematically de-
crease in azimuth. This indicates a lateral change in
structure occurs with a trend whose normal lies between the
back-~azimuths of the two events (i.e.,, the structural trend
lies between N70°W and NSOE)D Since the surface waves are
refracted towards the normal on crossing the boundary between
the eastern and western sectors of the array, phase velocities
must be lower in the western sector. This agrees with the
actual measured phase velocities for these sectors, as men-
tioned above. It is possible to use this measured change in
direction of propagation to determine the strike of the
structural feature giving rise to the lateral refraction.

The method for making this determination is outlined in
Appendix II.

Figure 12 is a plot of the change in propagation direc-
tion B, (T) versus q,(T), the direction of propagation in the
eastern sector, for the Greenland Sea and North Atlantic
Ridge events. The value of ¢. (T) at B (T) = 0, denoted by
g (T) . gives the direction normal to the structural trend
(See Appendix 1I). Since there are but two points to deter-
mine each curve, only a lower bound can be placed on gy .

The results are significant in that they show that theCaver-
age strike of the boundary is northwest :nd less than N54°W
for all periods considered. The variation of ¢ with period
suggests that the strike of the boundary becomé% more nearly
N-S in the shallower part of the crust. It should be pointed
out, however, that this result does not imply anything about
the sharpness of the boundary separating the two sectors,
only that & structural trend in the indicated direction
exists.,

.
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The group velocity dispersion curves also show higher
velocities in the eastern sector than in the western one.
Since the reliability of these curves is questionable be-
cause of the manner in which they were computed (See Appendix
I) we will not attempt to interpret them, although they are
generally consistent for the two events analyzed.

Dispersion curves were also obtained for the Greenland
Sea event for a northern sector of the array consisting of
the subarrays Fl, F4, El, E4, D1, D4, Cl, C4, Bl, B4 and a
southern sector or F2, F3, E2, E3, D2, D3,C2, C3, B2, and B3.
This division was suggested by Sheppard's (1967) interpreta-
tion of short period P-wave travel-time anomalies at LASA.
The phase velocities in tlL:> north were found tc be somewhat
higher than those for the south (See Table 4) but very nearly
equal to those for the whole array. Tha2 ~hese velocities for
the southern sector were somewhat lower than for the whole
array. The contrast in phase velocities between the northern
and southern sectors is considerably less than the contrast
between the eastern and western sectors. This indicates that
the N20°w trending line between the eastern and western
sectors (A-A' in Figure 1) better divides LASA iuto distinct
regions than does the division into northern and southern
sectors.

Phase velocities were also determined for an outer

group consisting of subarrays Fl, F2, F3, F6, E2, E4, and

an inner group AO, Bl, B2, B3, B4, Cl, C2, C3, Cc4, Dl1l, D2,
D3, and D4, using the Greenland Sea event. This division

was made primarily to test whether or not LASA appears as

a structural basin. In this case, the velocities for the

two sections are essentially equal and almost identical with
those for the array as a whole (Table 4). This suggests that
the array is not a structural basin.

Collectively, the Rayleigh wave dispersion data indicate
that a lateral change in crustal structure takes place ac-- s
LASA. The maximum change takes place perpendicuiar to a line
trending NW through Miles City, Montana. This line (A-A' in
Figure 1) divides the array into an eastern sector composed
of the subarrays Fl1, E1, E2, D1, Cl, C2, and Bl and a western
sector consisting of F2, F3, F4, E3, E4, D2, D3, D4, C3, C4,
B2, B3, B4, and A0. For both events analyzed, the observed

-8-
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phase velocities from the eastern sector were higher than
those from the western sector of the array. Phase propa-
gation directions also differ systematically between the
two sectors.

The division of LASA into a northern and a southern
sector yielded observed phase velocities that were incon-
sistent with Sheppard's (1967) hypothesis that the observed
distribution of travel-time anomalies is due to an increase
in total crustal thickness of 10 km beneath subarray B4
(with respect to subarrays F4 and F2).

Theoretical dispersion curves for various crustal models
were calculated using a computer program developed by Harkrider
and Anderson (1962) which computes phase and group velocity as
a function of period, given the number of plane horizontal
layers in the structure n, and n sets of the layer parameters
appropriate to the structure (compressional-wave velocity,
shear-wave velocity, density, and layer thickness). Figure 13
shows the computed theoretical dispersion curves for the three
models given in Table 3.

For the array taken as a whole, both the U.W.3 and
USGS3 models fit the observed phase velocity curves fairly
well (See Figure 14). The third model, T.I. 1, gives a much
poorer fit with considerably higher phase velocities than
were observed. The fit of the group velocity curves for all
three models is poor. This may be due to the manner in which
the experimental group velocity data were obtained ( See
Appendix I).

Model U.W.3 fits the observed data for the eastern
sector in the pericd range from 60 to 30 seconds ( See
Figure 15). Below this period range, the observed phase
velocities are slightly higher than those predicted by the
model, suggesting that the mean shear velocity for the upper
layers of the model should be increased. Model USGS3 gives
a poor fit for the eastern sector.

For the western sector, USGS3 agrees with the observed
data in the period range from 60 to 40 seconds (Figure 16)
but again the observed phase velocities are higher at the

-9~
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shorter periods. Model U.W.3 gives consistently higher phase
velocities in the range 60 to 20 seconds, but crosses the
theoretical dispersion curve at a period of 19 seconds.

This comparison of observed and theoretical dispersion
curves indicates that a model based on the refraction data
published by Meyer, et al., (1961) best approximates the
structure under the castern sector of the array, whereas a
model taken from the results of a more recent study by the
U.S. Geological Survey (Borcherdt and Roller 1967) best fits
the western sector. This conclusion implies that although
the phase velocities are higher under the eastern sector,
the crust under the eastern sector of the array can be thicker
than that under the western sector becanse the total crustal
thickness of U.W.3 is 54 km whereas that of the USGS3 model
is only 49 km. Since the phase velocities from the western
sector are lower than those to the east despite the westward
thinning, average shear-wave velocities for the crust must
decrease to the west. Again this is consistent with the re-
fraction results.

Edivence from Long-Period Body Wave Spectral Ratios

Phinney (1964) has demonstrated that an estimate of
crustal structure beneath a recording site may be obtained
from the ratio of the power spectrum of the vertical com-
ponent to the power spectrum of the radial component of the
initial onset of an event recorded by a single three-com-
ponent long-period seismograph. In an attempt to determine
the manner in which the crustal transfer function varies
across LASA, we obtained spectral ratios of the initial
onsets from two teleseismic events (see Figure 17). The
epicent>r data for these events are given in Table 5.

For the event on 23 December 1966 the back-azimuth was
considered to be sufficiently close to 270 degrees that the
E-W component seismogram was taken as the radial component
at each subarray. For the event of 15 February 1967, the
two observed horizontal components from each subarray were
rotated to the back-azimuth (140.8 degrees) in order to
obtain an equivalent radial component. The smoothed power

-10-
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spectrum of a 100-second window commencing with the initial
P-wave onset (see Figure 17) for the radial and vertical
components for both events were computed from the square

of the numerical Fourier transform of the seismograms. The
smoothing was performed using a Hanning routine developed
by J. Claerbout (McCowan, 1968). The ratio of the vertical
to horizontal smoothed spectra was then computed for each
subarray. (The spectra were not corrected for instrument
response since the amplitude response cof horizontal and
vertical component seismographs at LASA is matched to better
than 17% at any given subarray).

Typical examples of the observed spectral ratios for
the 23 December 1966 event are shown in Figure 18. The
spectral ratios from subarrays A0, Bl, B2, and B3 were
similar. The remainder of the observed ratios for this
event differed significantly in detail although their over-
all shape was similar.

“Similar results for the 15 February 1967 event are
shown in Figure 19. In this case, the spectral ratios from
subarrays A0, Bl, B2, and Cl closely resembled one another,
as did those from B4 and C4. Again the remainder of the
observed spectral ratios differed significantly in detail.

The spectral ratios at identical stations differed for
the two events. This may be attributed in part to differences
in crustal structure at the source as suggested by the fact
that the spectral ratios for the deep-focus event (15 February
1967) are much smoother. Alternatively, since the results
from both events are consistent in that for those subarrays
separated by less than 12 km the observed spectral ratios
are similar, the differences between the two sets of ratios
may be due to the differences in azimuth of approach between
the two events. Since the signal-to-noise ratio for both
events is high, it is probable that the differences in
spectral ratios at the various subarrays reflect the manner
in which structure changes across LASA.

=-11-
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Theoretical spectral ratios were calculated from the
models U.,W.3 and USGS3 (given in Table 2) using the Thompson-
Haskell matrix meth..:. (Haskell, 1953). The resulting curves
are shown in F.gure 20.

Comparison of the observed ratios with the calculated
ones shows that neither model fits the observations exactly.
However, the level of the observed curves from the eastern
sectcr of the array is lower than that of the observed
curves from the western sector by a factor of twd, over the
period range 50-15 seconds. The level of the theoretical
curve computed from model U.W.3 is lower than the curve
computed from the USGS3 mcdel over the corresponding period
range. This suggests that the model U.W.3 is a better
approximation to the structure of the earth's crust than
USGS3 in the eastern sector of the array, whereas USGS3
more closely approximates the structure in the western
sector. Thus the spectral ratio data are consistent with
the results from the Rayleigh wave dispersion observations
discussed previously.

At present, all that may be further concluded from the
observed spectral ratios is that although similarities in
crustal structure exist at stations located close to the
center of the array (e.g., AO, Bl, B3), the overall struc-
ture of the crust varies systematically from east to west
across LASA.

Srort-reriod P-wave Travel-time Anomalies

The mean travel-time anomaly from several teleseismic
events within the same seismic source region (defined by a
narrow range of distance and azimuth) was calculated for
each subarray at LASA using data of Chiburis (1966), When
trese mean anomalies were plotted on a map of LASA (see
Figures 21 through 25), it was found that for events having
NE (Figures 2la and 22a) and SW (Figure 23a) back-azimuths
from LASA, contours of equal residual define a region of
relatively late arrivals witl its axis trending NE-SW and
passing somewhat to the north of subarray AO0. For the set
of events having NW back-azimuths from LASA (Figure 24a) the

-12-
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pattern is less clear. Arrivals recorded at the center of
the array were relatively late. For events from the SE
(Figure 25a) the late arrivals define a region somewhat
similar to that observed for events having NE and SW back
azimuths from LASA.

When travel-time anomalies were calculated with ref-
erence to the subarray nearest the source (Figures 21b
through 25b), the region of late arrivals is better defined
for both sets of back-azimuths. However, the set of events
from the NW (Figure 24b) still yields a closed area of
relatively late arrivals at the center of the array. For
the remaining back-azimuths, the shape and trend of the
region defined by the late arrivals corresponds closely to
that found by Sheppard (1967). This NE-SW trend also has
an important bearing on the distribution of short-period P-
wave amplitudes recorded at LASA, which are discussed in
the next section.

Short-Pericd P-wave Amplitude Distributions

In a recent report, Klappenberger (1967) has shown
that significant positive correlation exists between the
distribution of short-period P-wave amplitudes recorded at
the center of a given subarray at LASA, for seismic events
having similar foci. We computed the mean of the (zero-to~-
peak) amplitude, expressed as mp of equivalent vertical
ground displacement at one cps, from the 21 sensors of each
subarray for two of the events analyzed by Klappenberger
(See Table 6 for epicenter data) having identical epicenters.
These means are plotted in Figures 26 and 27. The contour-
ing of points of equal amplitude respciise, even though some-
what subjective, shows a conspicuous NW-SE trend in both
plots, with the suggestion in Figure 26 of a secondary
trend in NE-SW direction near the center of the array.
In addition, amplitudes for five other events with some-
what different epicenters (See Table 6), but from a common
seismic source region having a mean back-azimuth NW from
LASA are shown in Figures 28 through ’2. Again the results
show a strong NW-SE trend with the suggestlon of a lesser
NE-SW component.
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Figure 26. Contour Map Showing (zero-to-peak) P-wave Amplitude

Recorded at LASA for the Event 21 November 1965 at
04:57:57.9
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Figure 27. Contour Map Showing (zero-to-peak) P-wave Amplitude

Recorded at LASA for the Event 13 February 1966 at
04:57:57.9
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Figure 28. Contour Map Showing (zero-to-peak) P-wave Amplitude
Recorded at LASA for the Event 21 MNovember 1965 at

06:10:56.0
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Figure 29. Contour Map Showing (zero-to-peak) P-wave Amplitude
Recorded at LASA for the Event 25 November 1565 at
03:35:11.7
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Figure 30.

Contour Map Showing (zero-to-peak) P-wave Amplitude
Recorded at LASA for the Event 11 December 19265 at

12:1€:59.9
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Figure 31. Contour Map Showing (zero-to-peak) P-wave Amplitude
Recorded at LASA for the Event 12 December 1965 at

00:24:39.6
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Figure 32.

Contour Map Showing (zero-to-peak) P-wave Amplitude

Recorded at LASA for the Event 28 February 1966 at
10:24:39.6




To further determine the azimuthal dependence of
amplitude distributions, two events having approximately
SW back-azimuths and a third having a SE back-azimuth
(See Table §) were plotted (Figures 33, 34, and 35 respect-
ively). 1In the case of the two events with SW back-azimuths
the strongest trend is NE-SW. The event from the SE shows
no particular trend, the contours forming a closed low over
the center of the array.

The events considered cover several different source
regions and two types of seismic distrubances, namely earth-
quakes and explosions, and hence the coniistent features
discussed above cannot be attributed solely to source mecha-
nism similarities or similar propagation paths. Rather, they
shoulu reflect differences in the earth's crustal structure
under the array. Clearly there is a strong azimuthal depend-
ence which suggests significant lateral variations. For
events hc 'ing NW to N back-azimuths from LASA the major trend
is NW-SE, whereas for events having SW back-azimuths the
NE-SW trend predominates. The latter trend is apparent in
the areal distribution of travel-time anomalies discussed
previously, whereas the NW-SE trend has no equivalent there,
but is consistent with the major structural trend calculated
from the Rayleigh wave dispersion data considered earlier,

With the exception of 12 December 1965 event (Figure 31)
the plots for events having NW and SW back-azimuths from
LASA show a region of relatively high amplitudes centered
slightly to the south of A0. For the 12 December 1965 event
there is a closed high somewhat to the NE of A0. For the
two events approaching LASA from the north (Figures 26 and 27)
the region of relatively high amplitudes at the center of the
array is not so clearly defired. The event from the SE (see
Figure 35) was the only event from which the smallest ampli-
tudes were recorded at the center of the array.

Collectively these data indicate that there are two
predominant structural trends bearing on the distribution of
short period P-wave amplitudes recorded at LASA. The NW-SE
trend corresponds to the major structural trend determined
from Rayleigh wave dispersion across LASA and is the dominant

-14-
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Figure 33. Contour Map Showing (zcro-to-peak) P-wave Amplitude

Recorded at LASA for the Event 20 November 1965 at
05:47:52.4
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Figure 34. Contour Map Showing (zero-to-peak) P-wave Amplitude

Recorded at LASA for the Event 9 December 1965 at
03:35:11.7
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Contour Map Showing (zero-to-peak) P-wave Amplitude

Recorded at LASA for the Event 10 November 1965 at
01:47:28.0




component in the geological structure. The other, NE-SW,
trend is an important factor contributing to the distribu-
tion of travel-time anomalies at LASA and corresponds to
trend of the palaeo-structure in the Paleozoic rocks be-
neath the array. However, the latter trend does not appear
as a major factor from the dispersion data.

Any final crustal model for LASA should take into
account both these trends.

Gravity Data

A map showing the residual Bouguer gravity anomalies
for the State of Montana has been given by Meyer, et al.,
(1961). The U.S. Geological Survey has recently compiled
a detailed map showing the Bouguer anomalies in the immediate
vicinity of LASA (Pakiser, personal communication, 1967).
The latter shows a closed relative low over the center of the
array. To the west of this low there is a relative high
which is associated with the Porcupine Dome, and to the south
there is another relative high which probably corresponds to
the Miles City Arch.

Though the predominant features on the USGS map are the
closed lows and highs, there is a suggestion of a deep anomaly
trending NW-SE through the center of the array which may cor-
respond to the magnetic boundary postulated by Zeitz. The
gravity map of the entire state (Meyer, et al., 1961) shows
that the closed features are elongate and orientated with their
long axes NW-SE. From this map it can be seen that the re-
gional trend in the vicinity of LASA is from large negative
anomalies over the Rocky Mountains in the west to broad, some-
what smaller, negative anomalies over the Great Plains to the
east.

Aeromagnetic Data

In the summer of 1966 an aeromagnetic survey was con-
ducted in the vicinity of LASA by the U.S. Geological Survey.
A preliminary map of the total magnetic field intensity over
the array has been compiled by Zeitz (personal communication,
1967). The map shows several interesting features.
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i) To the west of line A-A' (See Figure 1), thLe
isogamma contours are more closely spaced than those to
the east.

ii) The western sector of the map shows several
very large magnetic anomalies, while to the east the
anomalies are much less pronounced.

iii) Projection of the line A-A' to the north ard to
the south marks the eastern margin of known surface out-
crops of igneous rocks (Zeitz, personal communication, 1967),
specifically, the Bear Paw Mountains in the north and the
Black Hills uplift in the south.

iv) The close correspondence of the anomaly over the
Porcupine Dome (see Figure 2 for location) with the depth
of the Colorado Shale is in marked contrast with two large
anomalies to the south of the array, which have no counter-
parts in the base of the Colorado Shale. This indicates
that the magnetic anomalies while associated with the base-
ment rocks, are not due solely to differences in relief of
the latter, but to mafic intrusions within the basement also.
Zeitz (personal communication, 1967) believes that the bulk
of the crust to the west of the line A-A' is considerably
more mafic than the crust to the east.

The trend of the line A-A' is in excellent agreement
with the trend of the major structural features as determined
from the Rayleigh wave dispersion data. The line A-A' is
subparallel to the NW-SE trend of the geologic features and
the axes of the major gravity anomalies in Montana.

DISCUSSION

The most striking feature of the evidence presented
here is its consistzncy. The repeated appearance of the
NW-SE trend suggests that this is fundamental to the struc-
ture beneath the array. Only in the distribution of travel-
time anomalies is it not readily discernable. In this section
we shall attempt to explain our observations in terms of a
model which may form the basis for future investigations.

16—




From the Rayleigh wave dispersion data, supplemented
by the evidence from the spectral ratios and the aero-
magnetic map, it is evident that as a starting point LASA
may be divided into two sectors by the line A-A' (see
Figure 1). To the east of this line the observed phase
velocities are higher than those to the west. Of the crustal
models considered, U.W.3 best fits the observed data for the
eastern sector, whereas USGS3 best fits the observed data
for the western sector of LASA.

Some important implications of this division are:

i) Seismic velocities in the eastern sector are
significantly higher than those in the western sector;

ii) The total thickness of the crust is greater in
the east than in the west;

iii) The models indicate a reduction in the number of
major layers within the basement, from three in the east to
two in the west.

The observed decrease in phase velocities to the west
of A-A' is in apparent contradiction to the overall reduction
in thickness of the crust inferred from the seismic refraction
results. To explain this it is necessary to postulate the
presence either of dipping layers within the crust, or lateral
changes in velocity within particular layers, or both. Dip-
ping layers have been identified in the seismic refraction
studies (See Figures 4 and 5); furthermore, the implied re-
duction in the number of layers within the basement may be
explained in this manner.

“he nature of the boundary between the two sectors is
problematical. The geologic data do not indicate the
presence of large fault or fault zone within the sedimentary
sequence (i.e. the uppermost three km) of the crust. This is
emphas.zed by the dispersion results, which indicate that the
amount of lateral refraction which Rayleigh waves undergo on
crossing LASA increases with depth, at least to about 50 km.
This implies that the boundary lies at some depth within the
crust, as has been postulated by Zeitz (personal communication,
1967) on the basis of the magnetic data.
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Moreover, it is possible that the boundary is grada-
tional rather than abrupt. The dispersion results indicate
only that a change takes place. We must await the detailed
interpretation of the gravity and magnetic maps before spec-
ulating on the nature of the boundary itself.

So far we have sought only to explain the dispersion
results. The travel-time anomalies must also be explained
in terms of a crustal model. Of the explanations put forward
to date, three will be discussed here; bearing in mind that
any explanation must satisfactorily account for the “synclinal®
feature reported by Sheppard (1967) and substantiated by our
results.

To explain the synclinal feature Sheppard (1967) has
proposed two alternate hypotheses. They are:

i) A relative thickening of the earth's crust by some
10 km under subarray B4 with respect to F2 >nd F4, This
would correspond to a five- to six-degree slope in the Moho
from F4 to F2 and from F2 to B4.

ii) A thickening of the 3.0 km/sec (sedimentary) layer
by 3 km under subarray B4.

Neither of these hypotheses are supported by our results.
+f the Moho dips by as much as 5§ degrees then the division of
the array int> northern and southern sectors should yield
relatively lower phase velocities in the north compared to
the south, for the Greenland Sea event. As was indicated
pPreviously, the phase velocities for the southern sector
were higher than those for the northern sector. Also the
division of LASA into an inner and outer group of subarrays
indicated no strong thickening under the center of the array.
From a consideration of the well-log data and from the geo-
logic sections presented by Brown and Poort (1965), there is
no evidence to suggest an increase of 3 km (nearly 100%) in
the sedimentary sequence anywhere under LASA.

The third hypothesis, proposed by Fairborn (1966),
suggests that the azimuthal dependency of the travel-time
anomalies requires horizontal velocity gradients in the
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crust and upper mantle. Our data and Sheppard's (1967) in-
dicates that horizontal velocity gradients are insufficient
in themselves to account for the observed anomalies. Both
the seismic refraction data and the Rayleigh wave dispersion
data indicate that the average velocity of a 55-km-thick
section under LASA decreases from east to west. Such a de-
crease in velocity would result in systematically later
arrivals towards the west of the array if horizontal velocity
gradients alone are responsible for the observed travel-time
anomalies. From our observations and Sheppard's, the later
arrivals define a "synclinal” feature to the NE of AQ. This
suggests that two of the more important factors bearing on the
distribution of the observed travel time anomalies are

i) dipping layers within the crust;

ii) the pre-Cretaceous structure of the Paleozoic rocks
and possibly the upper part of the basement also.

Moreover, since large amplitudes are consistently re-
corded at the center of LASA, it seems that the anticlinal
structures which surround the array (see Figure 2) give rise
to a lens effect which results in the "focusing” of body
waves toward the center of the array. However, more obser-
vations are needed to substantiate that this occurs.

CONCLUSIONS AND RECOMMENDATIONS

From the analysis of the geologic and geophysical data
presented here we conclude:

1. Lateral variations exist irn the structure of the
earth's crust beneath LASA. The geologic, aeromagnetic and
surface wave dispersion data show that this variation is
within the basement at a depth greater than three kilometers.
The maximum change takes place in a NE-SW direction (i.e.,
perpendicular to the dominant NW-SE structural trend).

2. The observations are best explained by dividing
LASA ingo an eastern and a western sector by a line trend-
ing N20 W through Miles City, Montana. For the eastern
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sector, the average seismic velocities of the crust are
higher, the crust is thicker, and Model U.W.3 best accounts
for the observed dispersion. For the western sector, the
velocities are lower, the crust is thinner, and model USGS3
best accounts for the observed dispersion results.

3. The individual layevrs within the crust are dipping,
though not in the same direction.

In order to further refine the model it is recommended
that:

1. The individual travel-time anomalies at ezch station
be obtained as a function of distance and azimuth;

2. More events be examined. In particular, more spec~
tral ratios must be obtained to determine an average struc-
ture under each subarray and then Rayleigh waves from events
at more azimuths and distances should be analyzed in order
to better establish the attitude and thickness of the inter-
mediate crustal layers.
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APPENDIX I

EXPERIMENTAL MEASUREMENT OF PHASE VELOCITY DISPERSION

THEORY :

The travel-time of a given period T between stations may be
written (Alexander, 1963) as

Gtij=ti-tj+T Ebj(T)- ¢, (T) :r.Nij:] (1)

where t, = the time (with respect to some standard common to all
stations) of the first digital sample at the ith station.

tj = the time (with respect to the same standard as ti) of the
first digital sample at the jth station,

¢>i(T)
t, at the i

- . th

the i station,

observed phase (fraction of a circle) with respect to

L station minus the instrument phase for period T at

¢,j(T) = ogﬁerved phase (fraction of a circle) with respect
to t. at the j station minus the instrument phase for period T
at the jth station,
and Nij = arbitrary integer, which must be determined.

Taking the ith station as the psuedo-origin (i.e. setting the

arrival time of the kth period Tk at the iFh

station equal to
zero), Gtij becomes the relative arrival time of the kth period at
the jth station,

Tjk = Aj cos aj cos ek/ck + Aj sin aj sin ek/Ck + Tik (2)

h

where Aj = distance of the jt station from the psuedo-origin aj =

azimuth of the jth station from the psuedo-origin

ek = direction of propagation of kth period across the array
and Ck = phase velocity of kth period across the array then
T., = a.X + b,y + 2 3
Jk aJX JY ( )



. .

where

X = cos Bk/Ck, Yy = sin ek/ck and z = predicted time at pseudo-
origin,
which may be solved in least-squares sense to give &, §, 2, and
Ogr 09, Oge
Then

8, = tan"l

" @), ¢ = &%+ 927"

The standard deviations of ek and Ck may then be found from
the well-known relationship

J 3

N
O'-Y= ['Z (0U~ ay/auj)zgl L
where

y(ul,uz---uj) =y (x,y,2)

Method of Analysis

A FORTRAN63 program was written for the CDC 1604 computer to
implement the procedure outlined above. Filtered digital seis-
mograms, with a sampling rate of 0.5 points per second were input
from tape for each station. Phase arrival times relative to the
reference station were determined from the phase of the Fourier
transform of the record computed using the Cooley-Tukey algorithm
(Cooley and Tukey, 1965). The integer Nij was determined by in-
spection form these phase arrival times. If the absolute value of
the phese arrival time at period T for a given station exceeded nT
seconds, where n is an integer, then the |Nijl was set to n and
the sign of Nij adjusted such that stations nearer the source than
the reference recorded earlier arrival times and more distant sta-

tions later arrival times.

The distances and azimuths from the reference station to the
remaining stations were input from cards. From the relative ar-

rival times and station locations, a least-squares error estimate



of the phase velocities and propagation directions over a specified

period range was found. The actual interval of period at which

the phase velocities wer: calculated is predetermined by the trans-
form algorithm and is a function of the seismogram length and
sampling rate (see McGowan, 1967).

The phase velocities found using this program scattered quite
badly, particularly at the longer periods. In order to smooth the
dispersion curves, the relative phase arrival times were fitted by
least-squares to a polynomial in frequency. Since the interval at
which these times are determined is non-uniform with period, each
relative arrival time was given weight equal to the magnitude of
the corresponding period to avoid biasing the points at the higher
frequencies where determinations of arrival time are more frequent.

These fitted times were then used in the velocity determinations.

It was found that a linear fit was adejuate, and all subsequent

phase velocity dispersion curves were obtained in this manner.

Experimental Measurement of Group Velocity Dispersion

A by-proudct of the modified phase velocity dispersion program
is a polynomial giving relative phase arrival times for each station
as a function of frequency. This polynomial can be used to obtain

the group velocity

Uk = U(Tk)

using an expression analogous to equation (2),
(¢j -¢i) = Aj cos aj cos ek/uk + Aj sin aj sin ek/Uk + Ty (4)

where

(¢jm¢ifk = deviative with respect to frequency (Hz) of the
phase difference between the jth station and the
reference station evaluated at the period Ty



T = predicted group arrival time at the reference station

ik
(previously this denoted the predicted phase arrival

time in equation 2)
ek = group propagation direction for the period Tk

A.,q. = same as in equation (2).

J° 7]
We evaluate the derivative of the polynomial at specified

periods and input the relative group arrival times (¢5 _¢ﬁ )' to
the velocity-calculating subroutine and thus obtain the group
velocity dispersion curves.



APPENDIX II

CALCULATION OF THE TREND OF THE BOUNDARY BETWEEN THE EASTERN AND

WESTERN SECTORS OF THE ARRAY.

Surface waves obliquely incident on a boundary separating
regions of different velocity structure are laterally refracted in
a manner governed by *he phase velocities in the two regions
(Stonely, 1934, Evernden, 1954). 1In the case where the boundary
is linear and the equicentral distance is sufficiently great that
the wave-fronts may be considered plane, the following relation-
ship (Snell's law) holds:

sin i2 _ sin i2

c, (™~ C,(T)
where i1 = angle of incidence that a given surface wave makes with
the boundary measured in region 1, i2 = angle of incidence that
the same wave makes with the boundary in region 2, Cl(T) = phase
Velocity in region 1, C2(T) = phase velocity in region 2, and T =

period. This relationship enables us to determine the strike of
the boundary from the measured propagation directions in the two

regions (Alexander 1963).

Since the angles i1 and i2 are initially unknown, only the
difference in propagation direction Bi(T) of a given phase between
the two sectors can be determined (See Figure II-1l). However, by
plotting ai(T) the back azimuth to the apparent source vs. Bi(T)
for serveral events, it is possible to determine the intercept which
the curve makes with the a- aiis, ao(T). ao(T) then is the direction
exactly normal to the boundary between the two regions. The strike
of the boundary 6, measured counter-clockwise from North, is
Simply (90 - ao) degrees.

Only two events were available, in the present analysis, from
which to calculate the strike of the boundary between the eastern
and western sectors of the array, as defined above. The propagation
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directions in the eastern sector of LASA minus 180 degrees define
ai(T). This eliminates refraction effects between the actual source
and the perimeter of the array. The difference in propagation di-
Fection of a given phase between the western and eastern sector
gives Bi(T). Since there are but two points to define the curve

o vs B,at a given period T we are forced to approximate it with a
straight line. Thus the intercept of the curve with the a-axis
places a lower bound on o, -
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